The maturation of spermatozoa throughout the epididymal environment occurs in the complete absence of nuclear protein biosynthesis. As such, these cells rely heavily on posttranslational modifications of existing proteins in order to obtain the potential for fertilization. We have used an OxiCat approach to label both free and oxidized cysteine residues in rat sperm proteins and compared the ratio of reduced:oxidized peptides as these cells undergo epididymal transit. In all, 20 peptides, corresponding to 15 proteins, underwent a change in their redox status. Included in this list were A-kinase anchoring protein 4 and fatty acid-binding protein 9. Both of these proteins undergo intradisulfide bonding, leading to reduced solubility and, in the case of the latter, is likely to cause a loss of protein function. Interestingly, two glycolytic enzymes, hexokinase-1 and lactate dehydrogenase, also display increased cysteine oxidation during epididymal transit, which may be involved in the regulation of the enzyme activities.
INTRODUCTION
Sperm production is so unique that the formation of a male gamete is virtually unprecedented. Starting as round cells within the testis, precursor germ cells undergo a 2-fold reduction in ploidy. This event precedes chromatin remodeling, which comprises the sequential replacement of both histones with transition proteins, and transition proteins with protamines [1, 2] . As a result, the DNA of a spermatozoon is packaged so tightly that it does not allow binding of transcription factors, leading to silencing of the nuclear, but not mitochondrial [3] , DNA [4] . Once a round cell has been fashioned into what morphologically constitutes a spermatozoon, a second phase of maturation occurs outside the testis, as the sperm cells transit an organ known as the epididymis. In the complete absence of de novo protein biosynthesis, a sperm cell is transformed from a cell that is incapable of fertilization in the early regions of the epididymis, to one that is capable of fertilization in the latter regions of the epididymis. Because nuclear protein synthesis is silenced within spermatozoa, it stands to reason that posttesticular sperm maturation is largely regulated by posttranslational modifications (PTMs) of the existing protein complement. In support of this, major phosphorylation [5] [6] [7] and glycosylation [8] changes have been demonstrated to occur within spermatozoa as they progress through the epididymis. Many of these PTMs occur on proteins necessary for sperm function. For example, the essential sperm-egg fusion protein Izumo-1 was found to undergo extensive phosphorylation changes during rat sperm epididymal descent, which correlated with a change in its subcellular location [9] .
Another form of PTM occurring within spermatozoa during epididymal passage includes cysteine oxidation. Cysteine oxidation or the formation of a disulfide bond is known to affect enzyme activity, protein complex formation, and/or protein solubility. The use of the sulfhydryl labeling compounds [N-
3 H] ethylmaleimide [10] , N-(4-carboxy-3-hydroxyphenyl) maleimide (which forms fluorescent adducts) [11] , and [ 14 C] iodoacetamide has shown that nuclear protein thiol oxidation occurs during epididymal transit, which is likely to be a reflection of the redox status of protamine [12] . In addition, others have shown that the sulfhydryl status of both outer dense fiber protein 1 (ODF1) [13] and hexokinase-1 (HK1) [14] changes as sperm descend the epididymis. Given that ODF1 is a chaperone, its redox status may help in the folding of various proteins as well as in the elastic recoil of the sperm tail [15] . In deference, the oxidation status of HK1 appears to regulate this protein's activity [14] .
Aside from protamines, ODF1, and HK1, there is a paucity of information regarding what other proteins change in their redox status during epididymal transit. Therefore, it is still unclear how cysteine oxidation influences the spermatozoa at the cellular level. As such, we have used the recently reported method of OxiCat [16] to investigate the thiol status of immature and mature epididymal spermatozoa. OxiCat involves the sequential labeling of proteins by an iodoacetamide group that has been radiolabeled with either a light or heavy isotope. As such, proteins with free cysteines are labeled first by the light isotope. After washing, a thiol-reducing agent (tris(2-carboxyethyl)phosphine; TCEP) is added to open disulfide bonds, and then the second iodoacetamide heavy isotope is added [16] . Using liquid chromatography coupled with mass spectrometry (MS), it is possible to quantify the light:heavy isotope ratio of any particular peptide. Here, we compared these ratios from labeled sperm proteins taken from the caput, corpus, and cauda regions of the epididymis. In this present study, we report the thiol status of 20 peptides, corresponding to 15 proteins, as they transit through the epididymis, and we discuss the findings in terms of sperm biology.
MATERIALS AND METHODS

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) at the highest research grade, with the exception of albumin and ammonium persulfate (Research Organics, Cleveland, OH), Percoll (GE Healthcare, Castle Hill, Australia), streptavidin beads, HEPES (Invitrogen Australia, Melbourne, Australia), and 103 Ham F10 (MP Biomedical, Seven Hills, Australia). The Dglucose, sodium hydrogen carbonate, sodium chloride, potassium chloride, calcium chloride, potassium orthophosphate, and magnesium sulfide were all AnalaR grade. Chloroform and formaldehyde were purchased from Fronine (Riverstone, Australia) at the highest purity available. Ultrapure water and methanol were from Fluka (Castle Hill, Australia), Tris was from ICN Biochemicals (Castle Hill, Australia), and the 4%-20% precast SDS gels were from NuSep Ltd. (Lane Cove, Australia). Isotope coded affinity tag (iCat) reagents were purchased from AB Sciex (Mt. Waverly, Victoria, Australia). Sequencing-grade trypsin was from Promega (Alexandria, Australia).
Preparation of Rat Spermatozoa
Institutional and NSW state government ethics approval was secured for the use of Wistar rats in this research program. Adult rats (;8-10 wk) were asphyxiated, and the epididymides were removed. Pure spermatozoa were obtained from the caput, corpus, and caudal regions of the epididymis by retrograde flushing or fine slicing, as previously described [17, 18] .
Protein Solubilization and Quantitation
Approximately 1 3 10 7 sperm cells were solubilized in 400 ll of lysis buffer consisting of 6 M urea; 10 mM ethylene-diamine tetraacetic acid; 200 mM Tris, pH 8.0; 1% SDS; and protease inhibitor tablet. The samples were vortexed, and then lysed for 1 h at 48C with constant rotation. Following this, the sample was centrifuged (16 000 3 g, 15 min, 48C) and the supernatant transferred to a new Eppendorf tube. A protein estimation was subsequently performed using a 2-D quant kit (GE Healthcare).
OxiCat (iCat) Labeling of Sperm Proteins
Approximately 400 ll of ice-cold acetone was added to 100 lg of soluble protein fraction and incubated for at least 30 min at À208C. The precipitated protein was then centrifuged (16 000 3 g, 15 min, 48C) and washed successively with 400 ll of acetone followed by 300 ll of water. After the final spin to remove the water, 100 ll of lysis buffer was added until the pellet was dissolved. A total of 20 ll of light iCAT label (previously solubilized as described by the manufacturer) was added to the sample, which was then incubated at 378C for 2 h in the dark, with occasional mixing. After this, the sample was again acetone precipitated, washed three times, then resuspended in 100 ll of lysis buffer until it was dissolved. To this, 2 ll of 50 mM TCEP (1 mM final concentration) was added, and after 10 min of incubation that sample was supplemented with 20 ll of heavy iCAT reagent, followed by an incubation period of 2 h at 378C in the dark. The sample then underwent a final round of precipitation and washing to remove unlabeled heavy iCAT reagent, as described above.
Protein Digestion and Isolation of Biotinylated-iCATLabeled Peptides
Sequencing-grade trypsin, made up in 1 M urea and 25 mM ammonium bicarbonate, was added directly to the freshly precipitated protein pellet at a ratio of 50:1 (w/w). After overnight incubation at 378C on a thermomixer at 600 rpm, the sample was centrifuged (16 000 3 g, 10 min) and the supernatant transferred to a new Eppendorf tube. Following digestion of the protein, 20 ll of a 50% slurry of magnetic streptavidin beads, pre-equilibrated with 2% acetonitrile (ACN), was added to the sample for 1 h with constant mixing. The magnetic beads were isolated and the supernatant removed from the sample. The beads were washed with successive buffers, including 23 with PBS, followed by 53 with 2% ACN. After the final wash, the sample was eluted with 95% trifluoroacetic acid (TFA) and the supernatant taken and placed directly into a glass vial. The eluate was then dried down using a speed-e-vac rotator to remove the TFA (typically a 30-min spin, 10 000 3 g, at 608C) and resuspended in 0.1% TFA for MS analysis.
Bodipy-N-ethylmaleimide Labeling of Spermatozoa for Immunocytochemistry and ImageJ Quantification
Epididymal sperm cells were permeabilized with 0.2% Triton X-100 for 10 min and washed three times before being resuspended in PBS. Bodipy-Nethylmaleimide (Bodipy-NEM; 10 nM) was then added for 30 min in the dark and subsequently quenched by the addition of 2.5 ll of 500 mM 2-mercaptoethanol (30 min, in the dark). After washing (33, PBS) , approximately 20 ll of the sample was then placed on a coverslip and the antifade medium Mowiol added before imaging. The freeware quantitation package ImageJ (National Institutes of Health, Bethesda, MD) was used to open up 10 fields of view of fluorescently labeled spermatozoa. Individual spermatozoa were traced and the fluorescence pixel intensity was recorded.
SDS-PAGE and Bodipy-NEM Labelling of Sperm Proteins for Gel Imaging
Approximately 20 lg of soluble protein was labeled with 50 lM Bodipy-NEM for 30 min in the dark. The reaction was then quenched by the addition of 2.5 ll of 500 mM 2-mercaptoethanol (30 min, in the dark). These samples were then resuspended in SDS loading buffer, and SDS-PAGE was conducted on solubilized sperm proteins using precast (4%-20%) polyacrylamide gels as described previously [19] . The Bodipy-NEM visualization of proteins was achieved by placing the gel directly onto a typhoon scanner. Each gel was individually imaged using excitation/emission wavelengths of 520/590 nm, respectively, on the typhoon 9400 (GE Healthcare) variable mode image scanner
Liquid Chromatography and MS
For all experiments, an Ultimate 3000 ultra-high pressure liquid chromatography system (Dionex, Castle Hill, Sydney, Australia) coupled with an AmaZon ETD Ion Trap (Bruker Daltonik, Victoria, Australia) was used as described previously [20] .
OxiCat Data Analysis
The raw files acquired from the ion trap were directly imported into DataAnalysis 4.0 (Bruker Daltonik, Bremen, Germany). Reduced and oxidized peptides could be accounted for on the basis of a 9-Da difference in mass (mass difference between the light and heavy iCAT reagents) that coeluted in the ion chromatograms. An extracted ion chromatogram was performed for each mass. Using the software program DataAnalysis, the integrated counts for each ion were then determined. The ion intensities of each reduced and oxidized peptide were then used to determine the extent of oxidative thiol modifications during epididymal transit.
In order to determine the peptide sequence, acquired ETD/CID spectra were processed in DataAnalysis 4.0. Deconvoluted spectra were further analyzed with BioTools 3.2 software (Bruker Daltonik) and submitted to Mascot database search (Mascot 2.3.02; Swissprot database; 546 000 sequences; 194 259 968 residues; release date January 10, 2014). The species subset was set at rattus; parent peptide mass and MS/MS tolerances were 1.2 and 1.5 Da, respectively; and enzyme specificity trypsin with two missed cleavages was considered. The following variable modifications have been used: deamidation (NQ), oxidation (M), and the iCAT (C; þ227.126 Da, light; þ236.157 Da, heavy). It should be noted that both deamidation and oxidation are in vitro artefacts that can be introduced as a result of sample handling
Peptide Validation
In order to exclude false-positive identifications, peptides with Mascot scores below 30 were rejected without further consideration. Each individual spectrum was then loaded into the DataAnalysis software, where the y and b (CID) or c and z ion (ETD) series were manually validated on a residue-byresidue basis. For positive peptide identification we looked for the ion series to be present on the most abundant peaks present in the fragment ions. The mass error between any residue had to be less than 0.15 Da and a majority of the peak had to be accounted for on the basis of internal fragments, or other ion series (À17, À18 Da) of a typical CID or ETD spectrum. If an ion series for the iCAT could be detected, this was reported.
Immunoblotting
Following SDS-PAGE, the proteins were transferred onto nitrocellulose hybond super-C membrane (Amersham International, Sydney, Australia) at a BAKER ET AL.
350-mA constant current for 1 h. The membrane was blocked for 1 h at room temperature with Tris-buffered saline (TBS; 0.02 M Tris, 0.15 M NaCl, pH 7.6) containing 3% (w/v) bovine serum albumin (BSA). The membrane was then incubated for 2 h at room temperature in a 1:1000 dilution of a monoclonal anti-b-tubulin or anti-FABP9 (both from Sapphire Biosciences, Waterloo, Australia), or a 1:5000 dilution of anti-AKAP4 (a kind gift from Edward Eddy, National Institute of Environmental and Health Science, Research Triangle Park, NC), or a 1:500 dilution of anti-Protamine II (Santa Cruz Biotechnology, Dallas, Tx), all in TBS containing 1% (w/v) BSA and 0.1% (v/v) Tween. After incubation, the membrane was washed four times for 5 min with TBS containing 0.1% Tween-20 and then incubated for 1 h at room temperature with goat anti-rabbit immunoglobulin G horseradish peroxidase (HRP) conjugateor, in the case of Protamine 2, a rabbit anti-goat HRP-all at a concentration of 1:1000 in TBS containing 1% (w/v) BSA and 0.1% (v/v) Tween-20. The membrane was again washed as described above and immune-reacted proteins were detected using a CCD camera (LAS; GE Healthcare) according to the manufacturer's instructions.
Stripping Nitrocellulose Membranes
In order to confirm equal loading of protein, blots that had been probed were stripped and reprobed with an antibody against b-tubulin as described above. For this procedure, 0.2 M NaOH was added to cover the membrane and left for 10 min. The membrane was then washed (3 3 10 min in TBS), blocked, and probed with the primary antibody as described.
RESULTS
To visually inspect the extent of protein thiol modification that occurs within spermatozoa during epididymal descent, we initially labeled epididymal sperm cells with the fluorescently labeled Bodipy-NEM. As a Michael acceptor, NEM irreversibly alkylates reduced (free ''SH'') thiols within proteins. Using fluorescence microscopy, we could visually inspect the fluorescence intensity and location of the probe. As shown in Figure 1A , epididymal spermatozoa taken from the caput region displayed intense fluorescence over the entire cell (Fig.  1, left-hand side) . This included the head (H), midpiece (M), and tail (T) regions as indicated. Sperm cells from the corpus region (Fig. 1, middle panel ) of the epididymis demonstrated a level of fluorescence intensity and location similar to those from the caput. In contrast, spermatozoa obtained from the caudal region (Fig. 1 , right-hand side) of the epididymis displayed not only a lower overall level of fluorescence intensity, but also very little fluorescence (and sometimes a complete absence of it) within the head of these cells. These data are in line with previous reports in other species, which document a loss of free thiol groups within spermatozoa during epididymal descent [12-14, 21, 22] . In our hands, quantification of the images using the freeware program ImageJ demonstrates that cauda spermatozoa in total had approximately half of the fluorescence intensity of the caput and corpus.
To investigate both the extent of protein thiol oxidation that occurs in sperm during epididymal transit and how many proteins change in their oxidation status, we next ran an SDS-PAGE with soluble Bodipy-NEM-labeled proteins. Using a fluorescence scanner, proteins with the Bodipy-NEM label could be visualized. As shown ( Fig. 2A) , spermatozoa derived from either the caput or corpus region of the epididymis demonstrate very similar levels of Bodipy-NEM labeling, suggesting no real difference in the redox status of proteins in sperm from these regions. This is consistent with the immunofluorescence images shown in Figure 1 . However, when the sperm cells enter the cauda region, not only does the intensity of fluorescence decrease, but the patterns change also. For example, a protein running at the 15-kDa marker is labeled in the caput-and corpus-derived spermatozoa, but is clearly reduced in the cauda.
The visual loss or change in Bodipy-NEM fluorescence that occurs within proteins from spermatozoa recovered from different regions of the epididymis can be explained in one or two ways. First, it is possible that during epididymal descent, sulfhydryl groups from cysteine residues become oxidized and, as such, no longer can chemically react with the NEM. Second, an alternative explanation is that as sperm moves through the epididymis, the cell is constantly being remodeled. Thus, proteins secreted from the epididymal epithelial cells are being added and/or subtracted from the spermatozoon. Hence, a protein that is present in the caput or corpus region may be removed or added in the cauda. In order to understand which of these events take place, we added 1 mM TCEP before the addition of Bodipy-NEM (Fig. 2B) . It has been previously demonstrated that maleimide attachment to proteins can still be achieved in the presence of TCEP (as opposed to other sulfhydryl reductants, such as dithiothreitol) [23] . Interestingly, some of the lower-mass proteins (between the 12-and 23-kDa markers) appear more intense in the presence of TCEP when proteins from the same region are compared (Fig. 2B) . For example, a 15-kDa protein from caput and corpus spermatozoa demonstrated greater intensity in the presence of TCEP, suggesting the existence of disulfides within this protein. Because protamines are known to be reduced during epididymal transit and are of similar size in SDS-PAGE, we reran the sample and probed with antiprotamine 2 antibody (Fig. 2C ). Although addition of TCEP did not affect the migration of the protein itself, protamine 2 runs at the same size as the ;15-kDa band that is detected by Bodipy-NEM upon addition of TCEP (Fig. 2B) , strongly suggesting this could be the same band. Altogether, Figure 2 suggests that a discrete set of proteins undergo thiol oxidation during epididymal transit, including protamine 2.
In a bid to identify which proteins are oxidized during epididymal transit, we next turned our attention to the newly developed procedure known as OxiCat [16] . OxiCat is a designated MS technique that enables one to define protein thiol oxidation events occurring at specific residues within proteins. The principle of the assay relies on the established iCAT thiol-labeling system, which comprises probes containing a light and a heavy isotope, together with a reactive side chain (iodoacetamide to attach to cysteines) and a biotin tag.
Peptides arising from the iCAT pairs are represented by two coeluting signals but are 9 Da (or multiples thereof) apart from each other on the y-axis. An example of this is shown in Figure  3 . The light peptide isotopes (monoisotopic peak at m/z 459.52, z ¼ þ3) and the heavy-labeled peptide isotopes (monoisotopic peak at m/z 462.52) are shown. As sperm migrate from the caput (Fig. 3, top) to the corpus (Fig. 3, middle) region of the epididymis, there is a slight change in the intensity of either the light or heavy label such that the ratio goes from about 1:1 (caput) to 1:1.2 (corpus). However, when sperm enter the cauda epididymis, (Fig. 3, bottom) the light:heavy label ratio clearly changes, such that a 5-fold increase in heavy-labeled peptide occurs. To determine the origins of the peptide, the tandem mass spectra are used. In this particular case, the peptide sequence was derived from the sperm-specific protein ODF1. Table 1 lists the iCAT-labeled peptides found in this study. The protein name (column 1) and gene symbol (column 2) are given together with the MASCOT score (column 3) and the peptide sequence itself (column 4). In this case, cysteine residues, labeled iCAT, are underlined. The heavy:light isotope ratios as sperm traverse the epididymis from the caput (column 6), corpus (column 7), and cauda (column 8) regions are shown. Column 9 refers to the page number on Supplemental Data S1 (available online at www.biolreprod.org), for which every individual tandem mass spectrum can be viewed. For 
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verification (see Discussion), we used the disulfide prediction algorithm DiANNA (http://clavius.bc.edu/;clotelab/ DiANNA/) [24] to determine whether the cysteine residue, identified in our OxiCat analysis, was predicted to form a covalent bond. Importantly, DiANNA does this completely independent of the OxiCat analysis. Column 5 gives the highest predictive score as set out by DiANNA together with the cysteine pair (shown in parentheses). To aid in interpreting Table 1 , the first peptide, derived from ODF2, is present only as the free cysteine in the caput and corpus. However, in the cauda, twice as much heavy iCAT label (compared with the light label) is found. These data suggest that the cysteine oxidation also occurs in ODF2 as sperm enter the caudal region of the epididymis. Using DiANNA, the cysteine residue we found (Cys613) is predicted to form a disulfide with Cys136.
In total, the thiol status of 20 peptides, corresponding to 15 proteins, is reported during epididymal transit.
The most commonly known thiol oxidation reaction is that of intermolecular disulfides. Indeed, formation of disulfide bonds (Cys-SS-Cys) is one explanation as to why higher levels of heavy-labeled iCAT reagent can be seen as sperm transit through the epididymis. However, other mechanisms of protein sulfhydryl modification are known. For example, intramolecular disulfides stabilize proteins and often lead to greater insolubility of proteins [25] . Moreover, sulfonic acids can adduct to cysteine residues, which can in some cases regulate enzyme activity [26] [27] [28] .
In order to determine the effect of cysteine oxidation on the proteins identified in this analysis, we solubilized samples in lysis buffer with (reducing) or without (nonreducing) TCEP. BAKER ET AL. 6 Article 11
The samples were run into SDS-PAGE, transferred to nitrocellulose, and probed using anti-AKAP4 (Fig. 4A) or anti-FABP9 (Fig. 4B) . In both cases, we could clearly detect that less protein was present in the caudal region without TCEP, suggesting thiol modification leads to a greater level of protein insolubility. To confirm this we probed the samples using anti-b-tubulin (Fig. 4C) for a loading control. These data support our iCAT proteomics analysis of spermatozoa, which clearly suggests that the formation of intramolecular disulfide bonds on both AKAP4 and FABP9 results in decreased protein solubility.
DISCUSSION
In this study, we report the oxidation state of 20 peptides, derived from 15 proteins, as spermatozoa undergo epididymal descent. Although we have known about disulfide bond formation for some time, the functional role of this important PTM and the various mechanisms by which sulfur groups can be oxidized in vivo are still being elucidated. The most commonly understood oxidation event includes intermolecular disulfide bonds. These occur between two cysteine residues of separate proteins, allowing the formation of stable intermediate that is often involved in the maintenance of protein structure. An alternative oxidation event includes intramolecular disulfide bonds. The latter occur within the same protein and are responsible for maintaining secondary structure. The consequence of intramolecular disulfide bonding is often reduced solubility. For instance, the protein gliadin has two intradisulfide bonds [29] , which make it insoluble in high concentrations of urea until one or both of the disulfide bonds are cleaved [29] . In this current analysis, the formation of a disulfide bond would be one explanation as to why the heavy isotope of iCAT is detected during the OxiCat analysis. However, this is not the only mechanism. Because of the characteristic low pKA, cysteine can be readily oxidized by reactive oxygen intermediates, such sulfenic (Cys-SOH), sulfinic (Cys-SO 2 H), and sulfonic (Cys-SO 3 H) acids, or other known cysteine adducts, like glutathionylation [30] . In order to understand the nature of the cysteine adducts within the proteins detected in this analysis, we started by running reduced and nonreduced gels. We reasoned that 1) proteins forming intermolecular bond(s) would run at a higher mass under nonreducing conditions; 2) protein insolubility under nonreducing conditions may represent intradisulfide bond(s); and finally 3) no change to the pattern of protein expression could be explained by other cysteine adducts, like sulfonic acids, or indeed intradisulfides, that do not reduce protein solubility.
From our analysis we could confirm that both AKAP4 and FABP9 demonstrated greater insolubility under nonreducing conditions as sperm transit through the epididymis (Fig. 4) . Combined with our OxiCat data (Table 1) , this strongly suggests both proteins undergo intramolecular disulfide bonding. Considering that proteins with intramolecular disulfides are probably less soluble, our results toward light-chain iCAT labeling may have been influenced by this fact. This problem is difficult to overcome, because one cannot solubilize the proteins in the presence of a reducing agent and then perform the OxiCat procedure. Thus, although in Table 1 we report the light:heavy labeling ratio, some of these values may be underrepresenting the true proportion of heavy labeling.
Independent confirmation that the proteins we have identified in Table 1 could in fact undergo disulfide bonding was achieved using the online disulfide bond prediction software DiANNA. DiANNA uses a neural network trained 
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to recognize disulfide bonds and produces a scoring range from 0 to 1 (the higher the score, the higher the prediction reliability). The highest scoring cysteine pairs are given in Table 1 (column 5). In confirmation of our OxiCat results, DiANNA predicted a disulfide bond formation with a score of .0.96 in all but two cases. The only exceptions were the cysteine residues from VDAC3 and HSP70IL. We found no prior reports suggesting that either VDAC3 or HSP70IL possessed a disulfide linkage. However, in the case of HSP70IL, its close relative HSC70 appears to undergo glutathionylation in vivo [30] . This being the case, it is plausible that our OxiCat analysis detected a similar, noncanonical disulfide linkage occurring within this protein during epididymal descent. Notable absentees from our list of proteins shown in Table 1 were Protamines 1 and 2. These proteins are very small (51 and 104 amino acids, respectively), containing 9 and 7 cysteine residues, respectively. Importantly, protamines are known to become oxidized during epididymal transit [12] , and as such, it stands to reasons that we should identify these proteins in our analysis. An antibody against protamine 2 (Fig. 2C) , did show that the protein was present in the gel, at the same size (;15 kDa) that a protein became fluorescently labeled upon addition of TCEP (Fig. 2, A and B) , confirming earlier reports that this protein does undergo cysteine oxidation during epididymal descent. The lack of identification by liquid chromatography-MS of either protamine 1 or 2 can be explained. Inspection of the primary amino acid sequence of the protamines demonstrated a high abundance of arginine and lysine, such that only 3-mer, ''cysteine-containing peptides'' would be produced following tryptic digestion. Even if these 3-mer peptides were detected by the mass spectrometer, they would be highly redundant, and therefore not reported by MASCOT.
One of the more remarkable cases was FABP9, where we found two intradisulfide linkages. The crystal structure of FABP9, together with the four cysteine residues, is shown in Figure 5 . FABPs display a common tertiary structure because their consensus topology consists of two b-sheets, each composed of five antiparallel b-strands capped by a helixturn-helix motif [31, 32] . The 10 antiparallel b-strands are organized into a b-barrel, which encloses a large solvated cavity. FABPs function by binding their ligands within a waterfilled cavity [32, 33] . Available evidence suggests that the ahelical region acts as a ''dynamic portal'' that opens to allow ligand entry [34] . Because of the dynamic nature of this portal region, it is plausible that Cys35 and Cys58 can come into close enough proximity to form a disulfide bond, as shown in Figure 5 . Interestingly, if this is the case, then this would close the portal and restrict ligand entry. Because the role of FABPs is lipid transport throughout the cell, the oxidation of these residues would restrict the function of this protein. Thus, it is likely that FABP9 in particular plays a role upstream of the caudal epididymis.
Another enzyme in which intramolecular disulfide bonds may affect activity is LDH. The importance of LDHc was first noticed when sperm capacitation was impaired after the addition of the LDH inhibitor ''Oxamate'' [35] . These data were ratified by the knockout mouse, with LDH-C-null spermatozoa showing a rapid decline in ATP levels and subsequent motility [36] . As such, these mice were infertile. DiANNA predicted that Cys193 would form a tight pair with Cys320 (score 0.999). Interestingly, LDH is known to form a tetramer of 120 kDa when run through native PAGE [37] . However, complex formation does not appear to be through intermolecular disulfide bridges, but rather through ionic interactions [37] . By overlaying Cys319 and Cys163 residues on the crystallographic structure of the mouse testis LDH-C4 ( Fig. 6 ; note: the tetramer is shown), it is quite evident that they are in close enough proximity to allow for disulfide bond formation (Fig. 6) . In this case, only an intramolecular disulfide would explain the oxidation event during epididymal maturation. Interestingly, studies by Brooks [38] have shown an increase in LDH activity during epididymal passage, which correlates with the formation of the intramolecular bond seen in LDH in the present study. Thus, it is tempting to speculate that intradisulfide formation of LDH is likely to play a role in regulating this enzyme's activity by keeping it in quiescent form in the epididymis until it is ready for ejaculation.
In summary, the use of the method known as OxiCat has allowed us to identify the oxidative state of 22 peptides and the changes in their redox status during epididymal maturation. Although some of these changes appear to contribute to the overall rigidity of the sperm cell, others, like FABP9, hexokinase, and LDH, may be involved in regulating the function of these proteins. 
